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1Laboratory of Cell Biology, National Cancer Institute NIH, Bethesda, MarylandABSTRACT Specific details concerning the spatial organization of nucleosomes in 30 nm fibers remain unknown. To investi-
gate this, we analyzed all stereochemically possible configurations of two-start nucleosome fibers with short DNA linkers L¼ 13–
37 bp (nucleosome repeat length (NRL) ¼ 160–184 bp). Four superhelical parameters—inclination of nucleosomes, twist, rise,
and diameter—uniquely describe a regular symmetric fiber. The energy of a fiber is defined as the sum of four terms: elastic
energy of the linker DNA, steric repulsion, electrostatics, and a phenomenological (H4 tail–acidic patch) interaction between
two stacked nucleosomes. By optimizing the fiber energy with respect to the superhelical parameters, we found two types of
topological transition in fibers (associated with the change in inclination angle): one caused by an abrupt 360 change in the
linker DNA twisting (change in the DNA linking number, DLk ¼ 1), and another caused by overcrossing of the linkers
(DLk ¼ 2). To the best of our knowledge, this topological polymorphism of the two-start fibers was not reported in the compu-
tations published earlier. Importantly, the optimal configurations of the fibers with linkers L ¼ 10n and 10n þ 5 bp are charac-
terized by different values of the DNA linking number—that is, they are topologically different. Our results are consistent with
experimental observations, such as the inclination 60 to 70 (the angle between the nucleosomal disks and the fiber axis), he-
lical rise, diameter, and left-handedness of the fibers. In addition, we make several testable predictions, among them different
degrees of DNA supercoiling in fibers with L¼ 10n and 10nþ 5 bp, different flexibility of the two types of fibers, and a correlation
between the local NRL and the level of transcription in different parts of the yeast genome.INTRODUCTIONThe structure of nucleosome, the basic unit of DNA organi-
zation in eukaryotic chromatin, was determined with atomic
resolution more than a decade ago (1). However, stereo-
chemical details of the next level in the hierarchical organi-
zation of DNA in chromatin are still the subject of intense
debate (reviewed in (2–5)). Among different models pro-
posed to describe the spatial arrangement of nucleosomes
in the so-called 30 nm fiber, the solenoid (6–8) and the
two-start (9–13) conformations are probably the best
known. The x-ray structure of a tetranucleosome solved
by Schalch et al. (10) and Cryo-EM images obtained by
Song et al. (11) support the two-start organization. On the
other hand, the Cryo-EM data presented by Robinson
et al. (7) support the solenoid (interdigitated) model. Based
on single-molecule pulling experiments, Kruithof et al. (8)
suggested that both spatial nucleosome arrangements occur,
and that the linker length, L, determines which arrangement
is more favorable: the two-start fiber is more stable for short
linkers (e.g., L ¼ 20 bp), whereas the solenoid is formed
when linkers are 50 bp or longer.
All the results mentioned above were obtained using
arrays of strongly positioned 601 nucleosomes (14), with
the nucleosome repeat length (NRL) varying from 167 to
237 bp in increments of 10 bp.Assuming that the nucleosome
core is 147 bp, this means that the linker L belongs to theSubmitted January 26, 2015, and accepted for publication April 15, 2015.
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0006-3495/15/05/2591/10 $2.00{10n} series. Only recently, Correll et al. (12) analyzed
nucleosome arrays with L ¼ 25 bp (NRL ¼ 172 bp) and
demonstrated that they have a stronger preference for the
unfolded state compared with the arrays with L ¼ 20 or
30 bp. The increased fiber plasticity observed for L ¼
25 bp may be functionally significant because this linker
length belongs to the same {10n þ 5} series as the L ¼
15 bp, known to be predominant in yeast chromatin (15–
17). According to the earlier biochemical data (18), linker
sizes in the higher eukaryotes are also close to {10n þ 5}.
The distinct charge-dependent folding pathways observed
for fibers with L ¼ 10n and L ¼ 10n þ 5 (12) suggest
different morphologies, and in particular, different spatial
arrangements of DNA linkers in these fibers. Various me-
chanical models of the fiber have been proposed earlier
(13,19,20), with linking number DLk varying from 0 to –2
per nucleosome, depending on the linker DNA configura-
tion. In principle, computational analysis could shed light
on the molecular mechanisms responsible for this topologi-
cal polymorphism.
However, most of the computational studies of chromatin
fibers did not focus on their topological properties. The early
studies were based on the two-angle model introduced by
Woodcock et al. (21), where the linker DNAwas considered
to be a straight rod (22,23). Later, elastic energy terms were
added to the model, to account for the linker bending and
twisting (24–26). Eventually, the number of independent pa-
rameters in the regular fiber model was increased up to six in
the study by Koslover et al. (27). The regular fibers were alsohttp://dx.doi.org/10.1016/j.bpj.2015.04.015
2592 Norouzi and Zhurkinconsidered by Scipioni et al. (28) who optimized torsional
energy of the linker DNA both for the two-start helices and
for the solenoid (interdigitated) structures. In addition,
several groups used Monte Carlo simulations to study the in-
fluence of charges on structural variability of chromatin
fibers (29,30) including formation of loops (31). Recently,
Nam andArya (32) analyzed topological variants of the chro-
matin fibers under external torsional forces, applying Brow-
nian dynamics to an array of nucleosomes with the fixed
linker size Lz 60 bp. Still, it should be noted that the topo-
logical polymorphism inherent in the chromatin fibers (and
its relation to the linker length) was not addressed explicitly
in the computer modeling studies mentioned above.
In this study, we make a systematic analysis of all stereo-
chemically possible two-start left-handed configurations of
the chromatin fiber, paying special attention to topological
polymorphism. We focus on the two-start fibers, as it allows
us to compare our results with the high-resolution models
based on x-ray (10) and Cryo-EM data (11). We limit our
analysis to the relatively short linkers, L ¼ 13 to 37 bp, to
exclude the possible formation of solenoid-type structures
observed for the long linkers (7,8). We are mostly interested
in the left-handed configurations, because the small-angle
x-ray scattering analysis performed by Williams et al. (13)
suggests formation of left-handed nucleosome fibers in solu-
tion. In addition to DNA elastic energy and steric restraints
(27,28), our model includes electrostatic and H4 tail–acidic
patch interactions. We demonstrate that for each linker L, in
addition to the conformers described earlier (10,11,27–31)
there is a novel family of topoisomers with different DLk
that may be biologically relevant. We also show that the
right-handed fibers are energetically less favorable than
the left-handed ones. Finally, we propose specific ways to
check the validity of our theoretical findings.X1
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FIGURE 1 Definition of the chromatin fiber parameters. (A) Cylindrical para
perhelical fiber twist: u ¼ 24 –360 (the polar angle between the centers of nuc
entry points of nucleosomes are shown as red balls, and the exit points as yellow b
which axis Z represents the superhelical axis of the nucleosome (calculated as d
perpendicular to X and Z. (B) Inclination angle r (defining rotation around the dy
which is the angle between the Y axis and the fiber axis. These two angles are re
leads to decreasing the total twisting of the linker between nucleosomes n1 and n
To see this figure in color, go online.
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Arrangement of nucleosomes in chromatin fiber
We consider symmetric regular fibers—that is, the fibers that retain
the same shape if they are turned upside down, and whose linkers
have the same conformation. In this case, the fiber geometry is
described by four parameters, three of which specify positions of
nucleosome centers in a cylindrical coordinate frame (Fig. 1 A): radius
r, rise h, and polar angle 4 or the twist angle between consecutive nucle-
osomes (27). This angle determines the number of stacks, N, in the fiber:
N z 360/4. For instance, 4 ¼ 120 corresponds to the three-stack
fiber (N ¼ 3).
The superhelical fiber twist is defined as u ¼ 24 – 360. Since we are
mostly interested in the two-stack left-handed fibers, we set the value
of 4 to vary between 150 and 180. (The values of 4 > 180 will give
rise to right-handed structures). The radius and rise values were not
restrained.
The fourth parameter, r, defines inclination of nucleosomes relative to
the fiber axis (Fig. 1 B). In general, orientation of a nucleosome would
be defined by three rotations around the X, Y, and Z axes (Fig. 1 A). If, how-
ever, symmetric fibers are considered, then only one rotation around the
dyad axis X, r, is permitted (Fig. 1 B); rotations around the Y and Z axes
would break the symmetry.
If the nucleosomes were disconnected, variation of the inclination angle
r from 0 to 180 would cover all possible structures of a chromatin fiber.
However, because the DNA linkers connect the exit and the entry points in
consecutive nucleosomes in a fixed order (see the red and yellow balls in
Fig. 1 A), variation of the angle r by 180 is not sufficient. A comprehensive
analysis of all possible fiber structures requires variation of this angle by
360. This consideration distinguishes our approach from the studies pub-
lished earlier (27,28).
To calculate the optimal geometry of the internucleosomal linkers, we
used numeric minimization (see Supporting Material).Energy terms
Four energy terms are considered in our calculations: elastic, electrostatic,
and histone H4 tail–acidic patch interactions, as well as the steric hindrance
term.X
Z
Y
X
Z
Fiber AxisB
meters h (rise), r (radius), and polar angle 4. This angle determines the su-
leosomes n1 and n3). In this particular case, 4 ¼ 165 and u ¼ –30. The
alls. Each nucleosome is associated with a right-handed coordinate frame in
escribed in (44)), axis X points toward the nucleosome dyad, and axis Y is
ad axis X) is related to the angle g measured by electric dichroism (39–41),
lated by equation g ¼ j 90 – j r j j. Increasing the inclination angle by Dr
2 by ~2Dr. The images were prepared with the VMD software package (45).
Topological Polymorphism of Chromatin Fiber 25931) The elastic energy of the linker DNA deformations is calculated using
the knowledge-based potential functions introduced by Olson et al.
(33) (see Supporting Material).
2) The electrostatic energy is calculated using the Coulomb potential with
30 A˚ cutoff and the water dielectric constant ε ¼ 78. The DNA charges
are partially neutralized because of the salt screening effect (see Sup-
porting Material). In addition, we made computations with the Debye-
Huckel potential (see Supporting Material).
3) The H4 tail–acidic patch interactions are modeled phenomenologically,
with the minimum of the internucleosome interaction –8 kT (see Sup-
porting Material).
4) Steric clashes are modeled by a van der Waals-like repulsion potential
(see Supporting Material). Note that the nucleosome core particles
(DNA and histones) are considered to be rigid in our computations.Computation of DNA writhing and linking number
To evaluate the topological changes occurring in DNA on formation of a
nucleosome fiber, we use three topological parameters: DTw (the change
in DNA twisting); DNAwrithing,Wr; and the change in the linking number,
DLk (compared with the relaxed state of DNA) (34–36). To calculate the
DNA writhing, Wr, we use the quadrangle method described by Levitt
(37) and Klenin and Langowski (38). Topological parameters Wr and–150 –120
0 30 60
180
FIGURE 2 Two-start chromatin fibers with the linker L¼ 20 bp, with the incli
to the energetically optimal points (Fig. 3 A). Note that all these structures are
r ¼ 90 (see positions of the DNA entry points shown as red balls). The DNA is
of nucleosomes and to clarify the passage of linkers in the middle of the fiber. Th
(interacting with the DNA entry points shown as red balls) are colored in yellow,
configurations. For example, for r ¼ 0 the white sides of the cores face upwa
go online.DLk are only meaningful for closed or restrained-end DNA. Therefore,
we added extra base pairs to close the DNA chain. There is no imposed
superhelical density in our model. We find the minimum energy conforma-
tion for the free DNA and then close the ends and calculate the topological
parameters. (For details, see Supporting Material.)RESULTS AND DISCUSSION
The twisting- and writhing-induced transitions in
nucleosome fiber
The numerical results presented in this section were ob-
tained mostly for the fibers with linker L ¼ 20 bp (some-
times, for L ¼ 25 bp); however, the observed trends are
valid for the other L values as well. First, consider vari-
ability of the two-start nucleosome fiber (Fig. 2) when
the angle r defining inclination of the nucleosome disk
relative to the fiber axis (Fig. 1) changes from –180 to
180. The fibers with r < –90 are energetically unfavor-
able (Fig. 3 A). Nevertheless, they are shown to illustrate
the whole spectrum of the fiber conformations. Note that–90 –60 –30
120 15090
nation angle r changing from5180 to 150. All conformations correspond
different—in particular, the fiber with r ¼ –90 differs from the fiber with
presented in alternating blue and orange colors, to emphasize the two stacks
e histone cores are also shown in two colors: the entry sides of nucleosomes
and the exit sides are in white. In this way, it is easier to distinguish the fiber
rd, whereas for r ¼ 180 they face downward. To see this figure in color,
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FIGURE 3 Energy profiles and DNA twisting
for the chromatin fibers with the linkers L ¼ 20
(A, C, and E) and 25 bp (B, D, and F). Each point
corresponds to a minimum of the conformation en-
ergy in the space of three fiber parameters—radius,
rise, and polar angle 4 (Fig. 1 A). Energy is very
high for r < –120 so this region is omitted for
clarity. (A and B) Total energy. (C and D) Torsional
energy of the linker DNA. (E and F) Changes in the
excess twisting, DTw, of the linker DNA as a func-
tion of the inclination angle r. The points shown by
asterisks in (C)–(F) correspond to the linker DNA
undertwisted or overtwisted by more than 180.
(See the main text for details.)
2594 Norouzi and Zhurkinall these fibers have different geometry—see, for example,
positions of the DNA entry points shown as red balls. This
explains why one should consider the 360 variation of the
inclination angle. (Also, see Movie S1 and Supporting
Material.)
The changes in the fiber shape and dimension presented
in Fig. 2 seem to be gradual, if we consider mainly the orien-
tation of nucleosomes and linkers. If, however, we focus on
the details of the DNA conformation and its energy, it be-
comes clear that the linker DNA undergoes two sharp tran-
sitions, one close to r ¼ 60 and another around r ¼ –120.
We will consider these transitions in more detail.
Type I transition
The increase in the angle r from 60 to 70 is accompanied
by an abrupt ~360 change in the DNA twisting (Fig. 3 E).
This effect can be explained as follows. Increasing
the inclination angle r by some amount Dr leads to
decreasing the total twisting of the linker by ~2Dr
(Fig. 1 B). The optimal torsional energy of DNA corre-
sponds to r z –30 (Fig. 3 C). An increase in r by 90,
from –30 to 60, brings about a significant ~180 untwist-
ing of the linker DNA (Fig. 3 E). As a consequence, the
torsional energy of the DNA linker increases by ~40 kT
(Fig. 3 C).Biophysical Journal 108(10) 2591–2600A further increase in r, up to 70, would be even more
costly energetically if the changes in DNA conformation
followed the same trend—that is, if the linker DNA un-
twisted by 183, the torsional energy would exceed 43 kT
(see the points shown by asterisks in Fig. 3, C and E). If,
however, the linker DNA abruptly changes its conformation
and becomes overtwisted at r ¼ 70, the DNA torsional en-
ergy will be less than that described above because over-
twisting of the linker by 177 is more favorable than its
undertwisting by 183 (Fig. 3, C and E). This conforma-
tional transition is illustrated in Fig. 4. An increase in the
inclination angle r beyond the transition point brings addi-
tional relief in the DNA twisting tension (Fig. 3 C). As a
result, the second minimum of the DNA torsional energy
is achieved for the inclination angle r ¼ 140, whereas
the local minimum of the total energy is observed for r ¼
100 to 120 (Fig. 3 A).
Note that for closed DNA (or for DNA with the fixed
ends) the twist-induced transition described above is practi-
cally impossible without type I topoisomerase because in
such a case, each nucleosome has to rotate by ~360 relative
to its neighbor to achieve this topological change. Moreover,
this twisting will accumulate, that is, the third nucleosome
will rotate relative to the first one by ~720, and the fourth
nucleosome will rotate by ~1080, and so on.
L = 20 bp
2.5 turns of DNA (overtwisted) 
1.5 turns of DNA (undertwisted) 
FIGURE 4 Abrupt change in the linker DNA excess twisting, DTw,
caused by increase in the inclination angle r. For r ¼ 60 (pink ribbon)
the linker DNA is undertwisted by ~180. For r ¼ 70 (black wire) the
linker DNA is overtwisted by ~180. The nucleosomes on the left are super-
imposed. The images were prepared with the Chimera software package
(46). Inset: the DNA twisting differs by one helical turn (~360) in the
two linkers. Compare the black wires representing ~2.5 turns of DNA in
the case of r¼ 70 with the pink ribbons corresponding to ~1.5 helical turns
(r ¼ 60). To see this figure in color, go online.
Topological Polymorphism of Chromatin Fiber 2595Type II transition
At approximately r ¼ –120 we encounter another type of
sharp transition caused by the change in DNA writhing,
Wr. If we compare the two fiber structures with r ¼ –130
and r¼ –110 (Fig. 5, A and C), in the first case the two bot-
tom linkers shown in blue are positioned above the linker
shown in orange, whereas in the second case, the blue
linkers are positioned below the orange one. This change
in the spatial arrangement of linkers is accompanied by
DNA passing through itself (Fig. 5 B) and leads to a sharp–120 –110–130
A B C
FIGURE 5 The writhing-induced transition occurring in the chromatin
fiber with the linker L ¼ 20 bp. Note the different mutual positioning of
linkers in the fibers with r ¼ –130, –120, and –110 (A, B, and C, respec-
tively). (A) The two bottom linkers shown in blue are positioned above the
linker shown in orange (solid blue arrow). (B) Overcrossing (intersection)
of the blue and orange DNA linkers (dotted-line blue arrow). (C) The two
bottom blue linkers are positioned below the orange linker (dash-and-dot
blue arrow). To see this figure in color, go online.increase in DNAwrithing by52. This is a typical example
of the topological transition in DNA induced by type II
topoisomerase (Topo II).
Thus, we see that the conformational space of nucleo-
some fibers with linker L ¼ 20 bp is characterized by two
local energy minima surrounded by topological barriers.
In this regard, the fibers with L ¼ 25 bp are qualitatively
similar to the fibers with L ¼ 20 bp, but the torsional energy
minima and maxima are positioned differently (Fig. 3 D).
The exact values of DNA writhing and twisting, as well as
their dependence on the linker length and inclination angle
r are discussed below.Energetically optimal conformations
As shown above, the torsional energy profiles for fibers with
linkers L ¼ 20 and 25 bp have two minima spaced ~180
apart, with the energy values close to zero for both minima
(Fig. 3, C and D). Consideration of other energy terms
changes the balance between the two minima (Figs. 3, A
and B, and S5 in the Supporting Material), while preserving
the bimodality of the energy profiles. For other linker sizes,
the same bimodal effect is visible in the energy landscape
in the two-dimensional (2D) space (r, L) shown in Fig. 6.
In terms of the inclination angle r, the dark blue regions
with the lowest energy span either the –80 < r < –30,
or 80 < r < 120 interval. In terms of the linker length
(along the vertical axis), this 2D landscape has a clear 10
to 11 bp periodicity, which reflects the helical period of
B-DNA. In particular, the energy profiles for L ¼ 20 and
30 bp are similar to each other, with the global energy
minima appearing on the left side of the plot (negative
r values), whereas for L ¼ 15, 25, and 35 bp, the minima
are on the right side (positive r values).FIGURE 6 Total energy of the two-start fibers as a function of the incli-
nation angle r and the linker length L. Optimization is made in the space of
three remaining fiber parameters, i.e., radius, rise, and polar angle 4. Dark
blue regions (negative energy) represent stable structures, whereas dark
brown areas are those with energies higher than 50 kT. Cross-sections of
this 2D map for linkers L ¼ 20 and 25 bp are shown in Fig. 3, A and B.
To see this figure in color, go online.
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2596 Norouzi and ZhurkinThe optimal conformations for L¼ 20 and 30 bp have the
inclination angle rz –45 and –60, respectively, which is
in accord with models based on x-ray (10) and Cryo-EM
data (11). Note that the blue and red elongated regions
(with low and high energy, respectively) are tilted from
top-left to bottom-right. This skewed energy landscape
pattern is entirely consistent with the tilt of the contour lines
for excess twisting, DTw, in Fig. 7 A.
The brown areas to the left and right of the blue islands of
stability have extremely high energy. The r< –90 region is
unfavorable because of linker-linker and linker DNA-nucle-
osome clashes (see Fig. S5). For jrj> 130, the DNA elastic
energy is prohibitively high because of strong bending of the
linkers (see the kinky DNA conformations in Fig. 2 and
Movie S1). For details of the contributions of each energy
term, see Fig. S5.
As to the central area between the low-energy blue regions,
the fiber conformations with r¼ –20 to 60 are unfavorable
for a number of reasons. The region around r ¼ 0 is charac-
terized by a partial loss of internucleosome stacking and high
elastic energy of DNA (compare the structures with r¼ –30Li
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FIGURE 7 Variation of the three topological parameters as a function of the i
with the conformation energy map presented in Fig. 6. (A) The excess twisting o
expressed in the number of DNA helical turns (or degrees/360). (B) The writhing
osome, DLk (relative to the relaxed state of DNA). See Fig. S12 for additional
oisomers. The cyan region represents family T2 with the lowest DLk values (app
T1 with intermediateDLk (from –1.2 to –0.5). The highestDLk values define fam
regions shown in Fig. 6. To see this figure in color, go online.
Biophysical Journal 108(10) 2591–2600to 30 in Fig. 2 to see the loss of stacking, and see Fig. S5). For
the r angles between 20 and 60, the adjacent nucleosomal
DNA in the same stack (e.g., the two orange nucleosomes in
Fig. 2, r ¼ 30, 60) are colliding, thereby inducing electro-
static repulsion. In general, our results are consistent with the
electric dichroism (ED) data suggesting strong inclination of
nucleosomes in the fiber (39–41).
In addition, we analyzed the right-handed two-start fibers
(180 < 4 < 210) and found that the linker-nucleosome
clashes prevent close stacking of nucleosomes in this
case; as a consequence, the minimum energy is higher
than in the left-handed fibers (see Supporting Material).
Apparently, the chirality of nucleosomes dictates the left-
handedness of the chromatin fiber.Topological changes in chromatin fibers with
various linker lengths
To evaluate topological changes occurring in DNA on for-
mation of a nucleosome fiber, we used three topological pa-
rameters: the change in DNA twisting, DTw; DNAwrithing,15
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nclination angle r and the linker length L. The contour plots are consistent
f the linker DNA, DTw (compare with Fig. 3, E and F). The DTw values are
number per nucleosome,Wr. (C) Change in the linking number per nucle-
details. (D) Classification of the fiber conformations: three families of top-
roximately from –2.2 to –1.5). The yellow region corresponds to the family
ily T0 (approximately from 0 to 0.5). The ovals denote energetically optimal
CA B
D E F
L = 20 bp; T2
L = 25 bp; T1
FIGURE 8 Topoisomers T2 and T1 for linkers L ¼ 20 bp (A–C) and
L ¼ 25 bp (D–F), respectively. The optimal structure for L ¼ 20 bp
has inclination angle r ¼ –45 and rise h ¼ 27 A˚ (A and B); the optimal
structure for L ¼ 25 bp has r ¼ 90 and h ¼ 23 A˚ (D and E). The differ-
ence between the two families is clearly visible in the stretched forms
with h ¼ 55 A˚ (C and F). Note a more extensive folding of DNA in the
nucleosomal disks in (C). This is consistent with the DNA writhing:
Wr ¼ –1.7 in (C) and Wr ¼ –0.9 in (F). Red balls indicate the DNA entry
points. The detailed representations in (B) and (E) show that there are no
steric clashes between the stacked nucleosomes n1 and n3 (Fig. 1 A). The
internucleosome stacking is stabilized by the H4 tail-acidic patch bridges
shown by black lines; the distances between Asp24 (H4) and Glu61
(H2A) are 23 A˚ in (B) and 34 A˚ in (E) (see Fig. S3 for details). To see
this figure in color, go online.
Topological Polymorphism of Chromatin Fiber 2597Wr; and the change in the linking number, DLk—see Figs.
S10 and S12 and Table S2.
Variation in linker DNA twisting as a function of the
inclination angle r and the linker length L is presented in
Fig. 7 A. This plot is a generalization of Fig. 3, E and F,
where variation of DTw is shown for L ¼ 20 and 25 bp.
The difference is that in Fig. 3, E and F the excess twist
values are given in degrees, whereas in Fig. 7 A they are
given in DNA helical turns (i.e., degrees/360). The triple
tilted contour lines denote the abrupt change in DTw from
–0.5 to 0.5 (corresponding to the sharp increase in excess
twisting from –180 to 180 in Fig. 3, E and F, see green
arrows). The tilted contour lines also imply that DTw de-
pends both on the angle r and the linker L.
By contrast, the contour lines in Fig. 7 B are nearly verti-
cal. This means that the DNA writhing varies substantially
with changes in the inclination, r, but practically does not
depend on the linker length L. In particular, the abrupt
changes in Wr from 0 to –2 occur at r ¼ –120 (510)
for all values of L (see red arrows). This sharp transition
is accompanied by the over-crossing of DNA linkers as
was described above for L ¼ 20 bp (Fig. 5).
Adding together the excess twisting of the linker, DTw,
and the writhing,Wr, we find the change in the DNA linking
number, DLk ¼ DTw þWr (Fig. 7 C). The resulting contour
plot represents a rather complicated pattern containing ver-
tical, horizontal, and tilted lines. The tilted contour lines in
Fig. 7 C originate from the skewed triple lines in Fig. 7 A,
which highlight the abrupt changes in DTw from 0.5 to
–0.5. Accordingly, DLk also changes by ~1 (see green ar-
rows intersecting tilted contour lines in Fig. 7, A and C).
The multiple vertical lines at r z –120 demarcate a step-
wise transition in DLk, which originates from a similarly
sharp transition in Wr visible in Fig. 7 B; both DLk and
Wr values are changed by ~2 (see red arrows).
The horizontal contour lines in Fig. 7 C are the result of
summation of the DTw and Wr values. Despite the fact
that both DTw andWr strongly correlate with the inclination
angle r (Fig. 7, A and B), the sum of these parameters looks
like a piece-wise constant function of the angle r (Fig. S12).
All these findings taken together allow us to divide the
two-start fiber topoisomers into three families, T2, T1, and
T0 (Fig. 7 D). The structures with the lowest DLk values
(from approximately –2.2 to –1.5) belong to the family
T2. The fibers with intermediate DLk (from –1.2 to –0.5)
comprise family T1. The highest DLk values define family
T0 (from ~0 to 0.5). The transition between families T2
and T1 is related to abrupt changes in DNA twisting (shown
by green arrows in Fig. 7, A and C). The sharp transition be-
tween the families T0 and T2 is related to the sudden in-
crease in DNA writhing (red arrows in Fig. 7, B and C).
The ovals correspond to energetically optimal regions
(Fig. 6). Importantly, the optimal topoisomers for L ¼ 20
and 30 bp belong to the family T2, whereas for L ¼ 15,
25, and 35 bp they belong to the family T1.Optimal conformations for L ¼ 20 and 25 bp are pre-
sented in Fig. 8. In terms of topology, the difference between
the two families of structures is more obvious in the
stretched forms. In particular, it is clear that in the case of
T2 (Fig. 8 C) the nucleosomal DNA makes almost two com-
plete turns—apparently more than in T1 (Fig. 8 F). Hence,
the DNAwrithing and linking number are larger in absolute
value in the T2 structures (compare with Fig. 7).
In terms of stability, the two types of structures are also
different. Direct visual comparison shows that the internu-
cleosome stacking is stronger for L ¼ 20 bp: the contact
area is larger (Fig. 8 A) and the H4 tail–acidic patch bridge
length (Fig. 8 B) is closer to the optimal value in this case.
Accordingly, the numerical results indicate that the stacking
energy is lower for L ¼ 20 bp (Fig. S5) and the total energyBiophysical Journal 108(10) 2591–2600
2598 Norouzi and Zhurkinminimum is deeper for L ¼ 20 bp compared with L ¼ 25 bp
(Figs. 3, A and B, and 6). Overall, our computations strongly
suggest that the T2 topoisomer for L ¼ 20 bp is the most
favorable energetically, whereas the T1 topoisomer for
L ¼ 25 bp is the best one.
The x-ray (10) and Cryo-EM data (11) provide strong sup-
port for stabilization of T2 topoisomers for L ¼ 10n. In
contrast, there is no direct evidence for formation of the T1
topoisomers.We believe this is because in all imaging studies
except the one reported by Correll et al. (12), the linkers of
type 10n þ 5 were not analyzed. However, the linking num-
ber measurements suggest the presence of the T1 topoisomer,
at least in SV40 minichromosomes (42,43).CONCLUSIONS
We performed a thorough analysis of stereochemically
feasible two-start chromatin fibers with internucleosome
linkers varying from 13 to 37 bp. For each linker length,
we found three families of topoisomers characterized by
different linking number values (Fig. 7 D). The families
are separated by topological barriers—that is, confor-
mational transition between the structures belonging to
different families is only possible in the presence of cut-
ting-closing enzymes (topoisomerases of type I or II) for
closed or restrained-end fiber. Depending on the linker
length, the most favorable topoisomer belongs either to fam-
ily T2 (DLkz –1.5 to –2.2), or to family T1 (DLkz –0.5 to
–1.2) (Figs. 6 and 7 D). Existence of the two families of
structures with different linking numbers is consistent
with the earlier observations of Williams et al. (13) who
built space-filling models of the crossed-linker fibers with
DLk ¼ –1 and –2. The family T0 comprises highly unfavor-
able conformations, at least concerning the short linkers in
this study (Fig. 7 D).
In this study we focused on the relationship between the
DNA linker length and the fiber topology. We found that
although in terms of torsional energy both topoisomers T1
and T2 are equally feasible, adding all energy terms together
makes one topoisomer preferable to the other. One of our
most important conclusions is that for linkers L ¼ 10n,
the topoisomer T2 is more favorable, whereas for linkers
L¼ 10nþ 5 the topoisomer T1 is the optimal conformation.
The superhelical density of DNA in the optimal fiber struc-
tures (s ¼ –0.09 and s ¼ –0.06 for L ¼ 20 and 25 bp,
respectively) is in the range of values observed experimen-
tally (47) (see Supporting Material). These values give an
estimate of the torsional stress experienced by DNA were
the histones to be removed.
The T1 topoisomer (with L ¼ 25 bp) demonstrates a
higher bending and stretching flexibility compared with
the T2 topoisomer (with L ¼ 20 bp). This may be explained
by the fact that nucleosomes are strongly inclined in the T1
form (Fig. 8), and the internucleosome stacking interactions
are less sensitive to deformations of the fiber (data notBiophysical Journal 108(10) 2591–2600shown). Our data complement what was recently found by
Clauvelin et al. (48) about the effects of linker length on
the interactions and deformability of simulated nucleosome
arrays. Note that our results are in accord with the findings
of Correll et al. (12) suggesting that in the absence of the
linker histone the fibers with L ¼ 10n þ5 are less stable
than the fibers with L ¼ 10n. In fact, our study was moti-
vated by these findings (12); before 2012 there were no
experimental data indicating that folding of the chromatin
fiber periodically depends on the changes in linker DNA
length.
To the best of our knowledge, such a detailed computa-
tional search of energetically favorable two-start fiber
conformations has not been previously carried out. The crit-
ical difference between our approach and those used by
others (27–31) is that we considered all possible orientations
of the nucleosomal disks relative to the fiber axis, resulting
in all possible topologies. (That is, we allowed a 360 range
of variation for the inclination angle r—see Figs. 1 and 2.)
By contrast, Koslover et al. (27) varied the nucleosome
inclination angle b in the interval only between 0 and
180 (see their Fig. 5). Similarly, Scipioni et al. (28) also
did not investigate the entire phase space of the fiber confor-
mations. The two-start fibers analyzed in these studies
closely resemble the x-ray-based model by Schalch et al.
(10) and belong to the family T2; the T1 conformations
were not considered.
According to the ED measurements (39–41), nucleo-
somes are strongly inclined in fibers. The angle between
the nucleosome disks and the fiber axis, g ¼ j 90 – j r j j,
is estimated to be ~20 to 30 for various chromatin fibers
with mixed internucleosome spacing. In terms of the inclina-
tion angle r used in this study (Fig. 1), the average value
of jrj is ~60 to 70. Our computations also suggest that
the angle r significantly deviates from zero in the optimal
conformations from both topological families: jrj ¼ 40 to
60 for the T2, and 80 to 90 for the T1 family (Fig. 6),
or jrjz 65 on average. Assuming that the fractions of top-
oisomers T1 and T2 are comparable in the fibers used for ED
measurements, we conclude that our results are generally
consistent with experimental data.
It can be argued that there are multiple ways to take into
account the electrostatic potential. In this study we chose to
employ the Coulomb potential with a 30 A˚ cutoff and charge
reduction because of salt screening. We also used the De-
bye-Huckel potential; importantly, the overall results did
not change significantly (see Supporting Material). The
other critical issue is modeling of the internucleosome
stacking interaction. Here, it is described with a phenome-
nological potential (see Supporting Material) whose depth,
–8 kT, is taken as the average of the two experimental values
obtained by fiber stretching (8,49). It would be interesting to
see how using more rigorous physical approximations
would change the exact energy landscape for the internu-
cleosome stacking interaction. We found, however, that
Topological Polymorphism of Chromatin Fiber 2599varying the potential depth practically does not affect the to-
tal energy profiles (see Fig. S4). Entropy has not been
considered in our model explicitly. However, at the qualita-
tive level we can estimate the entropy of conformational
states comparing the widths of corresponding energy
minima. In this way, one can see that the optimal energy
minima (Fig. 3, A and B) are more favorable entropically
than the secondary minima (because their energy profiles
are wider). In summary, we conclude that the final results,
especially the topological classification of the stereochemi-
cally feasible fiber conformations, are essentially indepen-
dent of the numerical details of the potentials selected to
model the histone-DNA interactions.
Potentially, any kind of chromatin polymorphism (struc-
tural and/or topological) is interesting from the point of
view of gene regulation. The expected general implications
of this study is that it may reveal new mechanisms for en-
coding structural information in a nucleosome array in the
form of alternative topological states (i.e., topological
switch between the T1 and T2 topoisomers).
The topological and structural aspects of our findings can
be tested both in vitro and in vivo. First, employing the
approach used by Simpson et al. (50) and Norton et al.
(51), one can measure the number of superhelical turns in
covalently closed DNA induced by formation of precisely
positioned 601 nucleosomes (14) separated by linkers L ¼
20 or 25 bp. In this way, it is possible to detect the difference
in linking number between the topoisomers T1 and T2 pre-
dicted by our model (Figs. 7 D and 8).
Second, the increased flexibility of the T1 topoisomer
(with L ¼ 10n þ 5) compared with the T2 topoisomer
(with L¼ 10n) may be utilized by cell in differential folding
of the functionally distinct parts of the genome. In partic-
ular, we hypothesize that the highly and lowly expressed
genes may have different average NRL values. To test this
hypothesis, we analyzed high-resolution nucleosome posi-
tioning data in yeast (17,52) and found that there is a strong
correlation between the level of expression and local nucle-
osome spacing: the average NRL¼ 161 to 162 bp for highly
active genes (i.e., linker L ¼ 14 to 15 bp), whereas NRL ¼
167 to 168 bp (i.e., linker L ¼ 20 to 21 bp) for less
frequently transcribed genes (A. Katebi, D.N., F. Cui, and
V.B.Z., unpublished observation). A possible explanation
of this correlation is that the greater plasticity of the fibers
with L z 10n þ 5 may facilitate formation of gene loops
(53,54), thereby inducing transcription of the corresponding
genes.
The observed correlation may reflect a more general
tendency of chromosomal domains containing active or
repressed genes to retain topologically distinct higher-order
structures. It remains to be seen whether this topological
mechanism of transcription regulation is applicable to
higher eukaryotes, but the available information (55) sug-
gests that the changes in NRL on cell differentiation in
mice follow the same trend as described above for yeast.SUPPORTING MATERIAL
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